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DIGITAL-TO-ANALOG CONVERTER

This application 1s the National Phase of International

Application PCT/JP00/08248 filed Nov. 22, 2000 which
designated the U.S.

TECHNICAL FIELD

This invention relates to a resistor string digital-to-analog
(hereinafter referred to “D/A”) converter.

BACKGROUND ART

In resistor string D/A converters, resistors having the
same resistance value with each other are connected in
serics, and voltages at respective junctions between the
resistors are selectively output as an analog voltage corre-
sponding to data for conversion. Accordingly, to convert
data having an increased number of bits, the D/A converter
1s required to have a correspondingly increased number of
resistors. This 1s very undesirable, particularly when a D/A
converter of this type 1s formed within a small chip area of
a semiconductor integrated circuit, since a large area of the
chip 1s occupied by the resistors of the converter, and
depending on the number of data bits, 1t 1s 1mpossible to
form the D/A converter. To solve this problem by reducing
the number of resistors, 1t has been employed to generate a
voltage corresponding to less significant bits of data for
conversion by a current addition method.

FIG. 3 1s a circuit diagram showing the whole arrange-
ment of a D/A converter of this type. In the figure, symbol
DI designates an input terminal through which 1s supplied
8-bit data for conversion. The six more significant bits
(second to seventh bits) of the data supplied through the
input terminal DI are applied to a decoder 1, while the two
less significant bits (first and zeroth bits) are applied to a
current addition circuit 2. Reference numerals r0 to r63
designate resistors connected 1n series and having the same
resistance value (R2) with each other. Reference numeral 3
designates an operational amplifier. The operational ampli-
fier 3 has a non-inverting i1nput thercof supplied with a
constant voltage Vref, an inverting mput thereof connected
to a midpoint C of the resistors r0 to r63, and an output
thereof connected to one end of the resistor r63. The resistor
r) has one end thereof grounded via a resistor rx. Reference
numerals FO to F63 designate FET s each of which serves as
an analog switch and 1s turned on and off by an output from

the decoder 1.

In the current addition circuit 2, reference numeral 5
designates a terminal to which a reference voltage V1 1is
applied, reference numeral 6 a resistor, and reference numer-
als 7 to 11 FET’s. A series circuit formed by the resistor 6
and the FET 7 and a series circuit by the FET s 8, 9 form a
current mirror circuit, and the series circuit formed by the
resistor 6 and the FET 7 and a series circuit by the FET s 10,
11 form another current mirror circuit. Therefore, currents
11, 10 flowing, respectively, through the circuit formed by the
FET’s 8, 9 and the circuit formed by the FET’s 10, 11 each
have a value which 1s proportional to that of a current 1r
flowing through the circuit formed by the resistor 6 and the
FET 7. The FET’s 8, 10 arc turned on and off, respectively,
by the first bit and the zeroth bit (LSB) of the data for
conversion. Reference numeral 14 designates an operational
amplifier. The operational amplifier 14 has a non-inverting
input thereof connected to a voltage at a common junction
of the FET’s 0 to 63, an inverting input thereof connected to
a common junction of the FET’s 8, 10, and an output thereof
connected to an analog output terminal DO of the D/A
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2

converter. Further, a feedback resistor ra (resistance value
R1) is inserted between the output of the operational ampli-
fier 14 and the inverting input of the same.

In the D/A converter constructed as above, a voltage at the
midpoint C of the resistors r) to r63 1s equal to the constant
voltage Vref. Accordingly, a constant current 1 determined
by the constant voltage Vref flows through the resistors r) to
r63. Consequently, a voltage drop across each of the resistors
rl to r63 1s expressed as follows:

IxR2

On the other hand, the gate width of the FET 11 1s
adjusted 1n advance such that the current 10 which flows
through the FET 11 when the FET 10 1s 1n the ON state
satisfies the relationship expressed by the following equa-
fion:

10xR1=ixR2/4

Similarly, the gate width of the FET 9 1s adjusted 1n
advance such that the current 11 which flows through the
FET 9 when the FET 8 1s in the ON state satisfies the

relationship expressed by the following equation:
I1xR1=ixR2/4

As a result, a current corresponding to the two less
significant bits of the data for conversion flows through the
resistor ra, whereby a voltage corresponding to the two less
significant bits 1s developed across the resistor ra. On the
other hand, the six more significant bits of the data for
conversion are decoded by the decoder 1, and one of the
FET’s FO to F63 1s turned on by the decoded output from the
decoder 1, whereby a voltage at one of the junctions between
the resisters r to 163 which corresponds to the FET that 1s
turned on 1s supplied to the non-inverting mnput of the
operational amplifier 14. The operational amplifier 14 adds
the voltage supplied to 1ts non-inverting iput and the
voltage drop across the resistor ra, and then outputs the
result of the addition via the output terminal DO as an analog
voltage corresponding to the data for conversion.

In the above conventional D/A converter, since the current
1 which flows through the resistors rl) to r63 and the current
ir which flows through the circuit formed by the resistor 6
and the FET 7 are determined by the respective different
circuits, the voltage width of 1 LSB differs between the six
more significant bits and the two less significant bits due to
variations 1n characteristics of the resistors, transistors, etc.
caused by the manufacturing process. For instance, a varia-
tion 1n the current 1r due to a variation 1n the threshold value
Vt of the FET 7 causes a change 1n the voltage width of 1
LLSB of the two less significant bits. Consequently, the
conventional D/A converter suffers from lowered conver-
sion accuracy, particularly when the number of data bits 1s
large.

The present invention has been devised to eliminate the
above stated inconvenience, and 1t 1s an object of the
invention to provide a D/A converter that 1s free from a
variation 1n the voltage width of 1 LSB between the more
significant bits and the less significant bit due to variations
in characteristics of resistors, transistors, etc. to thereby
ensure higher conversion accuracy than the conventional
D/A converter.

DISCLOSURE OF INVENTION

To attain the above object, the invention provides a
digital-to-analog converter comprising a plurality of resis-
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tors connected 1n series, selection means that selects one of
voltages at respective junctions between the plurality of
resistors, based on M (M: an integer which is larger than 1)
more significant bits of data for conversion, current output
means that generates a current having a value which 1is
proportional to a value of a current flowing through the
plurality of resistors and corresponds to N (N: an integer
which 1s larger than 1) less significant bits of the data for
conversion, a conversion resistor that converts an output
current from the current output means to a voltage, and an
operational circuit that performs an operation on the voltage
selected by the selection means and a voltage developed
across the conversion resistor, wherein the current output
means comprises a control transistor serially connected to
the plurality of resistors connected 1n series, for controlling
the current flowing through the plurality of resistors, and
first to N-th transistors each controlled by a voltage 1dentical
o a voltage at a control terminal of the control transistor and
cach cooperating with the control transistor to form a current
mirror circuit for outputting a current having a value which
1s proportional to a weight assigned to a corresponding one
of the N less significant bits of the data for conversion, each
of the first to N-th transistors being turned on and off by a
corresponding one of the N less significant bits.

Further according to the invention, the digital-to-analog
converter 1s characterized in that the selection means com-
prises a decoder that decodes the M more significant bits of
the data for conversion, and a plurality of switch means each
of which selects a corresponding one of voltage values at the
respective junctions between the plurality of resistors, based
on an output from the decoder.

Further according to the invention, the digital-to-analog,
converter, 1s characterized in that the operational circuit has
a first input to which an output from the selection means 1s
applied, a second mput to which an output from the current
output means 1s applied, and a feedback loop into which the
conversion resistor 1s inserted.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a block diagram showing the whole arrangement
of a digital-to-analog converter according to an embodiment
of the present 1nvention;

FIG. 2 1s a diagram showing output characteristics of the
digital-to-analog converter according to the embodiment,
which 1s useful 1n explaining operations of the same; and

FIG. 3 1s a block diagram showing the whole arrangement
of a conventional digital-to-analog converter.

BEST MODE OF CARRYING OUT THE
INVENTION

The present invention will now be described 1n detail with
reference to drawings showing an embodiment thereof. FIG.
1 shows the whole arrangement of a D/A converter accord-
ing to an embodiment of the present invention. In the figure,
symbol DI designates an 1input terminal of the D/A converter
through which 12-bit data for conversion 1s supplied. The
eight more significant bits (i.e. the fourth to eleventh bits) of
the data supplied through the input terminal DI are applied
to a decoder 21, while the four less significant bits (i.e. the
zeroth to third bits) of the same are applied to a current
addition circuit 22. Reference numerals r0 to r255 designate
a plurality of resistors connected 1n series and having the
same resistance value (R2) with each other. Reference
numeral 23 designates an operational amplifier. The opera-
tional amplifier 23 has a non-inverting input thereof supplied
with a constant voltage Vref, an inverting input thereof
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connected to a midpoint C of the serially-connected resistors
r) to r255, and an output thereof connected to the gate of an
FET 24. The FET 24 controls a current flowing through the
resistors r) to r255 and has a source thereof connected to a
positive power source VDD and a drain thereof connected to
one end of the resistor r). The resistor r255 has one end
thereof grounded via a resistor rx.

Reference numerals FO to F235 designate a plurality of
FET’s each of which serves as an analog switch and 1is
turned on and off by an output from the decoder 21.

Further, 1n the current addition circuit 22, reference
numerals 30 to 33 designate semiconductor switches, and
reference numerals 35 to 38 FET’s. The switches 30 to 33
cach have a first contact thereof connected to the positive
power source VDD, a second contact thereof connected to
the output of the operational amplifier 23, and a common
terminal thereof connected to the gate of a corresponding
one of the FET 35 to 38. The FET’s 35 to 38 ecach have a
source thereof connected to the positive power source VDD,
and the drains of the respective FET’s 35 to 38 are com-
monly connected to an inverting input of an operational
amplifier 40.

The switches 30 to 33 are switched by the respective third
to zeroth bits of the data for conversion. More speciiically,
the common terminal of each of the switches 30 to 33 is
connected to the first contact thereof when a corresponding
one of the third to zeroth bits 1s “0”, and connected to the
second contact thereof when the corresponding bit 1s “17.
The FET’s 35 to 38 are each turned off when its gate 1s
connected to the positive power source VDD via a corre-
sponding one of the switches 30 to 33, whereas it cooperates
with the FET 24 to form a current mirror circuit when its
gate 1s connected to the output of the operational amplifier
23 (i.e. the gate of the FET 24) via the corresponding switch.
More speciiically, when the gate of each of the FET s 35 to
38 1s connected to the gate of the FET 24, a current having
a value proportional to that of the current 1 flowing through
the resistors r) to r285 tflows through the FET.

The operational amplifier 40 has a non-inverting 1nput
connected to a common junction of the FET FO to F235, and
an output thereof connected to an analog output terminal
DO. Further, a feedback resistor ra (resistance value R1) is
inserted between the output of the operational amplifier 40
and the non-inverting mput of the same.

In the D/A converter constructed as above, a voltage at the
midpoint C of the resistors r0 to r235 1s equal to the constant
voltage Vref. Accordingly, a constant current 1 determined
by the constant voltage Vref flows through the resistors r0 to
r255. Consequently, a voltage drop across each of the
resistors r to r255 1s expressed as follows:

IxR2

On the other hand, the FET 35 has a gate width thereof
adjusted 1n advance such that a current 13 flowing through

the FET 35 when the gate thereof 1s connected to the gate of
the FET 24 satisiies the relationship expressed by the

following equation:
i3xR1=8x(ixR2/16)

Similarly, the FET’s 36, 37, 38 cach have a gate width

thereof adjusted 1in advance such that a current 12, 11, or 10
flowing through the FET when the gate thereof 1s connected
to the gate of the FET 24 satisfies the relationship expressed
by a corresponding one of the following equations:

i2xR1=4x(ixR2/16)
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i1xR1=2x(ixR2/16)

i0xR1=1x(ixR2/16)

As a result, a current corresponding to the respective four
less significant bits of the data for conversion flows through
the resistor ra, whereby a voltage corresponding to the four
less significant bits 1s developed across the resistor ra. For
instance, when the four less significant bits are “1010” (10),
the common terminals of the switches 30 and 32 are con-
nected to the respective corresponding second contacts,
whereby the following currents flow through the respective

FET’s 35, 37:

i3=8x(ixR2/16)/R1

i1=2x(ixR2/16)/R1

As a result, a voltage expressed by the following equation
1s developed across the resistor ra:

(i3+i1)R1=10x(ixR2/16) (1)

This means that a voltage which is (10/16) times as high
as a voltage developed across one of the resistors r) to r255
1s generated across the resistor ra. As described above, 1n the
FIG. 1 D/A converter, a voltage corresponding to a data set
formed of the four less significant bits of the data for
conversion 1s developed across the resistor ra.

On the other hand, the eight more significant bits of the
data for conversion are decoded by the decoder 21, and one
of the FET’s F0O to F255 1s turned on, based on the result of
the decoding, whereby a voltage at a junction between the
resisters to which the FET 1s connected 1s supplied to the
non-inverting input of the operational amplifier 40.

For mstance, when the eight more significant bits of the
data for conversion is “00000100” (4), the FET F4 is turned
on, whereby a voltage at the junction between the resistors
rd and r4 1s output to the operational amplifier 40. Now, it
a voltage at the junction between the drain of the FET 24 and
the resistor r) 1s represented by Va, and a voltage at the
junction between the resistor r255 and the resistor rx by Vb,
the voltage V4 at the junction between the resistors r3 and
r4 can be expressed as follows:

Vd=Va—-4XR2x(Va— Vb)/256 X R2 (2)

=Va-4xixR2?

Further, assuming that the four less significant bits of the
data for conversion are “0000”, if the eight more significant
bits alone are changed sequentially from O to 1, 2, 3, . . .
(decimal representation), voltages output to the operational
amplifier 40 are expressed respectively as follows:

O0—Va
1—=Va-ixR2
2—=Va-2ixR2
3—=Va-3ixR2

When the four less significant bits are “0000”, the volt-
ages obtained as above are sequentially output from the
operational amplifier 40 without being changed. More
specifically, as the eight more significant bits are changed
sequentially from “0”, an output voltage from the output
terminal DO changes as shown by a broken line L1 in FIG.

2.
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The voltage corresponding to the four less significant bits
(i.c. the voltage developed across the resistor ra) is sub-
tracted from the voltage corresponding to the eight more
significant bits by the operational amplifier 40, whereby a

voltage corresponding to the data for conversion 1s obtained
and output to the output terminal DO. For instance, when the
data for conversion 1s “000001001010”, the following out-

put voltage is obtained from the aforegiven equations (1)
and (2):

Vi—4xixR2—-10x (ixR2/16)

A stepped solid line L2 1n FIG. 2 indicates the relationship
between the data for conversion and the output voltage
obtained by the conversion. As shown 1n the figure, the
minimum voltage width of the voltage obtained by the
conversion 1s 10xR1. Further, when the four less significant
bits of the data for conversion are “11117, a voltage corre-

sponding to the four less significant bits 1s expressed as
follows:

(0+i1+i2-+i3)xR1=15xi0xR1

As described above, according to the present
embodiment, the eight more significant bits are converted to
an analog voltage by the resistor string, and the four less
significant bits are converted to an analog voltage by the
current addition, and then the two analog voltages are
synthesized 1nto the converted voltage. In the present
embodiment, the currents 13 to 10 flowing through the
respective FET’s 35 to 38 and the current 1 flowing through
the series circuit of the resistors rl) to r255 are 1n a com-
pletely proportional relationship. Consequently, even if the
current 1 has changed ¢.g. due to variations 1n the manufac-
turing process, the voltage width of 1 LSB does not change
cither 1n the eight more significant bits or in the four less
significant bits, which makes 1t possible to perform highly
accurate D/A conversion without being affected by the
variations 1n the manufacturing process.

It should be noted that in the process of forming an
integrated circuit, the resistors r to r255 and the resistor ra
are required to be made of an identical material (having the
same impurity concentration) and laid out such that each of
them has an identical width. Further, the gate width of the
FET 24 and those of the FET’s 35 to 37 should be set with
reference to the gate width of the FET 38 which has the
minimum current flow therethrough.

Industrial Applicability

According to the present invention, a D/A converter 1s
provided which includes a plurality of resistors connected 1n
series, selection means that selects one of voltages at respec-
five junctions between the plurality of resistors, based on M
(M: an integer which is larger than 1) more significant bits
of data for conversion, current output means that generates
a current having a value which 1s proportional to that of a
current flowing through the plurality of resistors and corre-
sponds to N (N: an integer which 1s larger than 1) less
significant bits of the data for conversion, a conversion
resistor that converts an output current from the current
output means to a voltage, and an operational circuit that
performs an operation on the voltage selected by the selec-
fion means and a voltage developed across the conversion
resistor. As a result, it 1s possible to prevent the voltage
width of 1 LSB from differing between the more significant
bits and the less significant bits due to variations i1n charac-
teristics of the resistors, transistors, etc., and hence the
present mvention can provide a D/A converter having a
higher conversion accuracy than the conventional D/A con-
verter.
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What 1s claimed 1s:
1. A digital-to-analog converter comprising:

a plurality of resistors connected 1n series;

selection means that selects one of voltages at respective
junctions between said plurality of resistors, based on
M (M: an integer which is larger than 1) more signifi-
cant bits of data for conversion;

current output means that generates a current having a
value which 1s proportional to a value of a current
flowing through said plurality of resistors and corre-
sponds to N (N: an integer which is larger than 1) less
significant bits of said data for conversion;

a conversion resistor that converts an output current from
said current output means to a voltage; and

an operational circuit that performs an operation on said
voltage selected by said selection means and a voltage
developed across said conversion resistor;

wherein said current output means COmprises:

a control transistor serially connected to said plurality
of resistors connected 1n series, for controlling said
current flowing through said plurality of resistors;
and

first to N-th transistors each controlled by a voltage
1dentical to a voltage at a control terminal of said
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control transistor and each cooperating with said
control transistor to form a current mirror circuit for
outputting a current having a value which 1s propor-
tional to a weight assigned to a corresponding one of
said N less significant bits of said data for
conversion,

cach of said first to N-th transistors being turned on and
off by a corresponding one of said N less significant
bits.

2. A digital-to-analog converter according to claim 1,
wherein said selection means comprises a decoder that
decodes said M more significant bits of said data for
conversion, and a plurality of switch means each of which
selects a corresponding one of voltage values at said respec-
five junctions between said plurality of resistors, based on an
output from said decoder.

3. A digital-to-analog converter according to claim 1,
wherein said operational circuit has a first input to which an
output from said selection means 1s applied, a second 1nput
to which an output from said current output means 1is
applied, and a feedback loop i1nto which said conversion
resistor 1s mnserted.
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